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Un grand nombre de petites rivières urbaines à marée au Japon manquent de sources d'eau 
naturelles en période normale. Lors d’un typhon, des eaux non traitées se déversent dans ces cours 
d'eau via un réseau d'égout unitaire, entraînant des charges polluantes. Il existe des différences 
importantes dans le régime d’écoulement et l’environnement aquatique entre la période normale et au 
moment d’un typhon pour ces cours d’eau. 
Cette étude vise à caractériser la qualité de l'eau et la charge polluante pendant la saison des typhons 
dans la rivière Kanda, une petite rivière urbaine à marée située à Tokyo, au Japon. L'étude se 
concentre sur le déversement, la qualité de l'eau et les charges polluantes en classifiant la saison des 
typhons en trois phases : les phases de crue, de transition et de marée. 
Les résultats ont montré que la plus grande partie du déversement, les polluants organiques et les 
matières en suspension ont été observés en particulier lors de la phase de crue. Pendant la phase de 
transition, aucune différence significative dans la qualité de l'eau à différentes profondeurs n’a pu être 
constatée. En outre, les changements d'oxygène dissous pendant les phases de transition et de 
marée peuvent s'expliquer par différents facteurs. 
 
ABSTRACT 
Many small urban tidal rivers in Japan lack natural water sources. During storms, untreated water 
flows into these rivers through combined sewer systems, resulting in river pollution. Significant 
changes to flow regime and water environment in these rivers during storms.  
This study aims to characterize the effect of a storm to the water quality and pollution load in the 
Kanda River, a small urban tidal river in Tokyo, Japan. The study classifies storm periods into three 
phases, i.e., flood, transition, tide, and focuses on the discharge, water quality and pollution loads of 
those phases.  
Results indicated that most discharge, organic pollutants, and suspended solids were observed during 
the flood phase. In the transition phase, there were no significant differences in water quality at 
different depths. Additionally, changes in dissolved oxygen during the transition and the tide phases 
were due to different factors. 
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1 INTRODUCTION 
Many small urban tidal rivers in Japan lack natural water sources and rely on the diversion of another 
river and/or treated sewage discharge from a wastewater treatment plant for water supply. As such, 
their discharge is small. Their downstream basins are tidal reaches liable to the intrusion of salt water 
due to the tide. Because of their complex water environment, such issues as poor oxygen and white 
turbid phenomenon arise. During storms, untreated water overflows into these rivers through a 
combined sewer system, causing river pollution. Storms result in significant changes to water flow 
behaviour and environment in these rivers causing deterioration in the river environment. To maintain 
a favourable river environment, it is essential to assess pollution loads resulting from storms, with a 
view to proposing suitable remedial measures. 
For small tidal rivers in urban areas, field observation has been the principal study method. Study 
themes have included observation of water quality dynamics of river networks and analysis of the 
water quality distribution characteristics (Irie, 2008), examination of water quality based on the 
relationship between salt water intrusion and the amount of water conveyed from upstream 
(Tominaga, 2007), and reproduction of hypoxic water by means of longitudinal observation and 
analysis (Kohsaka, 2009). However, most of these studies have dealt with the river water flow, water 
quality and material transportation mechanism during periods. Few have compared the water quality 
between tide and flood phases. 
Some rare examples of studies on water quality at small urban tidal rivers during storm periods include 
those indicating that the dissolved oxygen (DO) concentration is significantly affected by the 
relationship between salt water intrusion and rainfall runoff at Nihonbashi River (e.g. Kure, 2008) and 
one which identifies the deposition of pollutants in the tidal reach of Meguro River based on the 
longitudinal observation of suspended solids (SS) during storm periods (Tsuchiya, 1989). However, 
these studies did not simultaneously observe discharge and pollution load density, and did not go 
beyond the presumed phenomenon of water quality change due to the pollution load. In general, small 
urban tidal rivers have not been sufficiently evaluated as observation during storm periods has so far 
been limited in terms of the observation period and items, and the characteristics of water quality 
change during the flood and non-flood periods. 
Thus far, pollution load of combined sewer overflows (CSO) during storm periods have been studied 
through the monitoring of water quality parameters (e.g. KWB, 2009) and the development of many 
planning instruments for CSO management (e.g. Schroeder, 2010). However, none of these studies 
assumed a tidal reach as the receiving water. In the case of pollution discharged into tidal reach or sea 
areas, there have been some studies, one that could not make a general assessment for an estuary at 
that time (e.g. USEPA, 1983), and another that used the L-Q equation to clarify the characteristics of 
the pollution load for each river based on the scale of flooding and land use characteristics (e.g. Nihei, 
2009). Most of these studies were based on the observation results for non-tidal reach areas, with 
hardly any study examining the conditions of receiving waters in tidal reaches. As a result, there are 
many unanswered questions regarding the relationship between discharge and the water quality or 
pollution loads in tidal reaches. 
The authors have been observing the water quality of the tidal reaches of Kanda River and Nihonbashi 
River and have discovered a phase which is neither tide nor flood phase. During this transition phase, 
discharge levels are similar to that of the tide phase, but the water is fresh water, while velocity, water 
temperature, SS, biochemical oxygen demand (BOD), and other characteristics change in a similar 
manner vertically. This data has been classified for evaluation of the water quality characteristics (e.g. 
Hayashi, 2011). 
The present study conducted a field observation during flood and non-flood periods at a tidal reach 
area of an urban river (Kanda River, Tokyo) which functions as receiving waters for urban drainage. 
The state of this tidal river was examined in terms of not only conventional flood and tide phases but 
also in terms of the transition phase, a newly introduced and defined phase, as a working hypothesis. 
Focusing on this transition phase, the water quality changes and pollution loads resulting from a storm, 






2.1 Classification of the flood, transition, and tide phases 
Firstly, the flood, transition, and tide phases 
of small urban tidal rivers are defined based 
on discharge level and salinity. Figure 1 
shows the classification of these three 
phases. As the water level is affected by the 
tide, it is difficult to establish any changes 
caused by runoff. Because of this, the flood 
phase is defined as the period where the 
hydrograph shows a significant increase of 
the discharge. Meanwhile, the tide phase is 
defined as the period where the salinity is 
differentiated between the surface layer and 
bottom layer due to the intrusion of salt water 
to the bottom layer (except in the case of the 
well-mixed type). The transition phase 
proposed by the authors is defined as the 
period between the end of the flood phase 
and the beginning of the tide phase. During 
the transition phase period, the salinity of the 
river water is zero as increased discharge 
due to runoff pushes salt water out of the 
bottom layer. 
 
2.2 Observation site 
Figure 2 (a) shows the lower reaches of Kanda River and the location of Shin-Ryukei Bridge (S1) 
where the observation was conducted. Kanda River is a Class 1 river with a total length of some 24.6 
km and a total catchment area of some 105 km2. The annual mean discharge at Akebono Bridge (G1) 
was 3.9 m3/s in 2007 (Takasaki, 2008), most of which consists of highly treated effluent from the 
Ochiai Water Reclamation Center (WTP). The tidal reach of the river extends downstream from Ikkyu 
Bridge (G2). 
S1 is situated within the tidal reach at 4.4 km from the mouth of the Kanda River. River water 
level is constantly monitored for the Total Flood Control Information System of the Tokyo Metropolitan 
Government at G1 (outside tidal reach) and G2 upstream of S1; and G3, G4, G5 (Nihonbashi River), 
and G6 (Nihonbashi River) downstream of S1. Figure 2(b) provides more detailed information on the 
















Figure 1. Classification of flood, transition, and tide phases. 
S1: field observation site. G1-G6: level gauging stations. WTP: waste water treatment plant.  B1 & B2: bridges. 
FC1 & FC2: underground flood-control channels. OP: open section. 
(a) Lower reaches of the Kanda River. 
Figure 2. Location of study area and field observation site. 
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B2 (4.1 km from river mouth) downstream of S1 is basically straight. G3 (gauging station) is located 
beside S1 (20 m away). Under the roads beside both banks of the river, parallel to the main stream of 
the Kanda River, run Edogawabashi underground flood-control channel on the right bank (FC1) and 
Suidobashi underground flood-control channel (FC2) on the left bank. Both are rectangular cross-
section type culverts. FC2 and the main stream are linked through an open section upstream of S1 to 
prevent the occurrence of hydraulic jump. For the analysis of total load, combined discharge of these 
three water channels was used. 
 
2.3 Observation method 
Field observation was conducted between 12:00 on 8th September and 08:00 on 10th September, 
2010, with rainfall at the beginning of the period. The flow direction, flow velocity and water quality 
were monitored, and water was sampled at the center of the river downstream of S1. A two axis 
electromagnetic current meter (AEM 213-D by JFE Alec) was used to monitor the flow direction and 
flow velocity while a multi-parameter meter (W-22XD by Horiba) was used to measure the salinity, 
water temperature, and DO. The measurement interval was, in principle, one hour although the 
interval was shortened when the flow velocity was rapidly changing. For measurement at different 
water depths, meters were placed in stable positions and checked for actual depths while ensuring 
that the difference in water depth between measurement depths did not exceed 0.5 m. 
For water sampling, a bucket and a Heyroth sampler were used to sample water from the 
surface layer and bottom layer (approximately 0.3 m from the riverbed) respectively. The sampling 
frequency was every hour while raining, and approximately every three hours in the subsequent period 
after adjustment in consideration of the timing of the low tide, rising tide, high tide and falling tide. For 
each sample of water, SS was measured by the filtered weight method, BOD by the membrane 
electrode method, and chemical oxygen demand (COD) by the CODMn method. In the case of 
dissolved organic carbon (DOC), each sample of water was analysed using a TOC analyser (TOC-V 
CSH by Shimadzu) after filtration using glass fiber paper (GFP) with a pore diameter of 1 m. 
 
2.4 Discharge and load calculation methods 
The total discharge (Qt) at S1 was calculated using (1) for each 0.5 m interval from the riverbed to the 
surface layer while referring to the cross-sections and design discharges of the main stream and the 
underground flood-control channels shown in Table 1. The factors affecting this calculation include 
complex vertical fluctuations of the flow direction and flow velocity which are unique to tidal reaches, 
the concrete-lined rectangular cross-section of the main stream as well as the underground flood-
control channels, and the location of the observation site. River levels at the gauging stations 
upstream and downstream of S1, were monitored to check for any occurrence of hydraulic jump and 








      (1) 
Where: Qt = total discharge (m
3/s), Vi = flow velocity at layer i (m/s), Ai = cross-sectional area of layer i 
(m2), N = number of layers. 
Discharge at G1 was also calculated to examine the level of runoff between G1, located outside the 
tidal reach, and S1, using the H-Q equation (Takasaki, 2008) and the input river level data recorded by 
the Total Flood Control Information System mentioned earlier. 
Cross Section（m） Design Discharge（m3/s）
FC1 7.5 (W), 7.2 (H) 115
Main Stream 23.5 (W) 350
FC2 9.5 (W), 7.5 (H) 125
Table 1. Dimensions and Design Discharge of Channels. 
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Pollution load was calculated by multiplying discharge at each depth by the load density. The 
individually calculated loads were then totaled vertically. The load densities used here were the 
density at the bottom layer for the vertical section between the riverbed and 0.5 m above it, and the 
density at the surface layer for any measurement depths above. 
 
2.5 Meteorological conditions 
Figure 3 shows the rain intensity for Tokyo measured by Japan Meteorological Agency (JMA, 2010), 
the tide level at Tokyo Port measured by Bureau of Port and Harbor Tokyo Metropolitan Government 
(B.P.H.TMG, 2010) and change of the river level at G3 measured by Bunkyo City Government (BCG, 
2010),  near S1 during the field observation period. Between 8:00 and 17:00 on 8th September 2010, 
102.0 mm of rainfall was recorded for the Tokyo area, including two rainfall peaks with a maximum 
rain intensity of 67.0 mm/h (between 14:00 and 15:00). The tidal range at the Tokyo Port on 8th 
September was 1.9 m for this spring-tide period. 
 
3 RESULTS AND DISCUSSION 
3.1 Changes in velocity, calculated discharge, and classification of the flood 
phase 
Figure 4 shows the flow velocity (at S1), 
the calculated results for discharge and 
cumulative discharge (at S1 and G1) 
starting from 12:00 on 8th September. At 
12:00 on the 8th, the flow velocity was 16 
cm/s for the surface layer and -5 cm/s for 
the bottom layer. With the change of rain 
intensity, it rapidly increased to 62 cm/s 
for the surface layer and 39 cm/s for the 
bottom layer at 13:30. Two peaks were 
observed corresponding to those 
observed for rainfall. The flow velocity 
decreased from the peak at 15:00 to less 
than 20 cm/s for both layers at 17:00. 
Thereafter, down-flow and reverse-flow 
alternated with little difference vertically. 
From 4:00 on the 10th onwards (the 
arrowed point on- Figure 4), there was a 
large difference between the flow 
velocity for the surface layer and that for 
the bottom layer. 
The discharge rapidly increased 
between 12:00 and 13:00 on the 8th at 
S1 and G1.  A recession period occurred 
after the peaks at 13:30 and 15:00 and 
the slope of the hydrograph significantly 
changed between 17:00 and 19:00 on 
the 8th. The major change of the 
cumulative discharge at around 18:00 on 
the 8th suggests that the runoff mostly 
occurred during this period. Based on 
the phase classification in this study, the 
hydrograph indicates the continued flood 
phase between some 12:00 and 18:00 
on the 8th. Although it is difficult to 
calculate the direct runoff quantity 
caused by rain in a tidal reach area, it 

























































0:00 12:00 12:000:00 12:000:00
8th Sep. 2010 9th Sep. 2010 10th Sep. 2010 
Surface Layer (S1)
Bottom Layer (S1)
Discharge (S1) Discharge (G1)
Cumulative Discharge (S1) Cumulative Discharge (G1)
Figure 4. Changes in flow velocity, discharge,  






















































A period of field observation
8th Sep. 2010 9th Sep. 2010 10th Sep. 2010 
Tide Level (Tokyo port)
River Level  (G3)
Figure 3. Changes in rainfall, tide level and river level. 
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flood phase would make it possible to calculate most of the direct runoff quantity even at S1 located 
within tidal reach. 
The cumulative discharge from 12:00 to 18:00 on the 8th was calculated to be 6.2 x 105 m3 at G1 
and 9.3 x 105 m3 at S1. Around 15:00 on the 8th, a massive CSO was visually confirmed near G2. 
These observation results suggest that a large amount of runoff occurred in the section between G1 
and S1. 
 
3.2 Changes in salinity and classification of the transition and tide phases 
Figure 5 (a) shows change of the salinity 
and Figure 6 (b) shows its vertical 
distribution. When the observation began, 
the salinity of the bottom layer was 1.0%. 
By 13:00 on the 8th, there was no difference 
in the salinity between the surface layer and 
bottom layer. At 14:00, however, the flow 
velocity at the bottom layer increased 
(Figure 4), flushing out the salt in the 
bottom layer. Subsequently, the state of 
fresh water continued for some time. At 
1:00 on the 10th, salt water re-intruded the 
bottom layer, differentiating the salinity 
between the surface layer and the bottom 
layer. Based on the phase classification of 
this study, the tide phase began at 1:00 on 
the 10th. Together with the flood phase 
period inferred in the previous section, the 
transition phase is judged to have lasted 
from the end of the flood phase at around 
18:00 on the 8th to the beginning of the tide 















































































9th Sep.   7:00
9th Sep. 10:00
10th Sep.   6:00
Figure 6. Vertical distribution of velocity, salinity, water temperature, and DO. 















































the transition phase, the water remained as fresh water, indicating little influence of salt water intrusion 
on the water quality at the observation site. 
 
3.3 Changes in water temperature and DO 
Figure 5 (b) shows change of the water temperature and Figure 6 (c) shows its vertical distribution. 
When the observation began, the water temperature of the surface layer was 28.5C. It dropped to 
26.3C at 15:00 on the 8th, presumably because of the lower temperature of the rainwater outflow than 
the temperature of the river water. The water temperature remained at around 26.5C between 17:00 
on the 8th and 20:00 on the 9th without any difference between the surface layer and the bottom layer. 
It increased to 27C at 23:00 on the 9th and there was a temperature difference between the surface 
layer and bottom layer from 2:00 on the 10th after the re-intrusion of salt water into the bottom layer. 
Figure 5 (c) shows change of DO and Figure 6 (a) shows its vertical distribution. The value of 
DO in the bottom layer was 0.1 mg/L at 12:00 on the 8th but increased to 5.0 mg/L by 13:00 to reach a 
similar level in the surface layer and further to 6.5 mg/L at 16:00. It then showed a repetitive decrease 
and increase without any difference between the surface layer and the bottom layer, recording the 
lowest value (less than 2.0 mg/L) at 7:00 and 17:00 on the 9th and the highest value (around 5.0 mg/L) 
at around 10:00 on the 9th and 0:00 on the 10th. The re-intrusion of salt water at 1:00 on the 10th 
immediately differentiated the DO in the two layers with the value of the bottom layer dropping to 0.0 
mg/L. Given the behaviour of the salinity and water temperature, the impact of hypoxic water following 
the intrusion of salt water in the downstream on DO in the transition phase (18:00 on the 8th and 00:00 
on the 10th) is inferred to be small in the rainfall event studied here. It is clear that changes of the DO 
in the transition phase and changes of the DO in the tide phase are associated with different causative 
factors. 
 
3.4 Changes in SS, BOD, and DOC concentrations 
Figure 7 (a) shows change of SS. The value of SS rapidly increased at 14:00 on the 8th. A significant 
difference in the SS value at 14:00 on the 8th between the surface layer at 260 mg/L and the bottom 
layer at 550 mg/L might have been caused by upsurge of the bed material in addition to SS inflow to 
the river. The SS in the surface layer peaked at 14:00 on the 8th. In the bottom layer, the high level of 
SS continued until 16:00 on the 8th and its peak of 580 mg/L at 15:00 on the 8th was later than the 
peak in the surface layer. At 16:00 on the 8th, there was a major difference in the SS value between 
the surface layer (100 mg/L) and the bottom layer (510 mg/L). The SS in both layers then sharply 
dropped to 24 mg/L in the surface layer and 36 mg/L in the bottom layer at 17:00 on the 8th. The 
period of a sudden change of the SS was during the flood phase. The SS gradually decreased 
between 17:00 and 23:00 on the 8th with minor fluctuations thereafter in the range of less than 20 
mg/L. 
Figure 7(b) shows change of BOD. The value of BOD suddenly increased at 14:00 on the 8th. In the 




















































8th Sep. 2010 9th Sep. 2010 10th Sep. 2010 
12:00
Figure 7. Changes in SS, BOD, COD, and DOC concentrations. 
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peak of BOD in the bottom layer was 81 mg/L at 16:00 following a short period of decrease after 
reaching 55 mg/L at 14:00 on the 8th. Compared to the 45 mg/L at 16:00 in the surface layer, this 81 
mg/L was substantially higher. There was a rapid decrease to 16 mg/L in the bottom layer at 17:00 on 
the 8th, followed by a gradual decrease to 2.4 mg/L at 0:00 on the 10th. After the intrusion of salt water, 
the BOD concentration in the bottom layer fluctuated to reach 8.3 mg/L at 08:00 on the 10th. 
Figure 7(d) shows the transition of DOC. The value of DOC reached a peak in both the 
surface and bottom layers at 14:00. Thereafter, it continued minor fluctuations in the range of 4 ~ 6 
mg/L. Although the observed transition of the SS, BOD, COD and DOC values during the subject 
rainfall event of the study show somewhat different behavior in the surface layer and bottom layer, 
their periods of high concentration were in the flood phase, suggesting the rationality of concentrating 
on the flood phase to evaluate the outflow of pollutants by rain for urban rivers. 
 
3.5 SS, BOD, COD, and DOC Loads 
Figure 8 shows the cumulative SS, BOD, COD and DOC loads with the starting point of 12:00 on the 
8th. The actual Figures for this rainwater outflow event were 160 tons for SS, 40 tons for BOD, 39 tons 
for COD and 8.6 tons for DOC. The cumulative loads of SS, BOD and COD had rapidly increased by 
17:00 on the 8th with minor increases thereafter. In contrast, after an initial increase during rain , the 
cumulative DOC load increased up to the end of the observation period in an approximately twelve 
hour cycle like the tide. 
Figure 9 shows the transition of the cumulative SS, BOD and COD loads normalised by their 
values at 11:00 on the 9th when the values hit their peak. While 95% of SS load, 87% of BOD load and 
85% of COD load had discharged by 17:00 on the 8th, the corresponding figure for DOC load was 
67%. The reason for this difference is likely to lie with the different ratio of the concentration at the 
peak time to the concentration at the time of the base flow for each of SS, BOD, COD and DOC. Even 
though the precise concentration at the time of the base flow was unknown, the ratio of 9.4 mg/L which 
was the mean value of SS in the surface layer during the transition phase to the peak value of 260 
mg/L was 0.04. The corresponding figure was 0.14 for BOD, 0.18 for COD and 0.64 for DOC. The 
Figure for DOC was one order larger than the figure for SS, suggesting a relatively high DOC 
concentration in the base flow water. 
It is conventionally difficult to deal with negative load caused by the tide in load balance 
calculation, and negative load was detected by the present analysis in the transition phase. As the 
present study has proved that most of the SS load at S1 caused by storm can be determined by 
means of calculating the cumulative SS load during the flood phase, it is now possible to use this 
procedure to compare the rainfall event discussed here with other rainfall events. Moreover, the 
calculation results for the DOC, BOD and COD loads during the flood phase suggest the possibility of 































































































Figure 8. Cumulative SS, BOD, COD, and DOC 
loads. 




3.6 Changes in DO during each phase 
Using the observation results described so far, the fluctuations of DO in each phase were examined 
(Figure 5). During the flood phase, the value of DO remained high at around 6 mg/L in both the 
surface layer and bottom layer. It was unknown whether or not such a high DO level was caused by 
DO in the runoff water or aeration through the river water surface due to agitation caused by an 
increased flow velocity. 
During the transition phase, the value of DO fluctuated without any vertical differences, hitting 
its lowest value (2 mg/L or less) at around 7:00 and 17:00 on the 9th. The highest value (around 5.0 
mg/L) was observed at around 10:00 on the 9th and 0:00 on the 10th. The lowest values were observed 
within two hours before and after the high tide, while the highest values were observed within two 
hours before and after the low tide. The DO values measured at the observation site are thought to 
imply from the viewpoint of time series that the river water at high tide was exposed to a pollution load 
quicker than the river water at low tide. In the case of the present rainfall event, the cumulative BOD 
load was calculated to be approximately 40 tons, indicating the passing of a massive amount of 
organic matter, by the observation site, downstream. The subsequent decomposition of organic matter 
consumed the DO in the river water. The level of DO in the river water decreased with time, causing 
fluctuations of DO at the observation site. However, the impact of sulphides which occurs earlier than 
the impact of organic decomposition has been pointed out (J.B. Ellis, 1997), making it necessary to 
consider the possible impact of such substances as well. 
During the tide phase, the level of DO in the bottom layer fell at once due to hypoxic water 
caused by salt water intrusion from the downstream. Compared to the fluctuation of DO during the 
transition phase, this change of DO was extremely rapid, suggesting that the water quality 
downstream could become a major factor for the decrease of DO in river water after rain depending on 
the state of development of hypoxic water in the downstream in summer. 
 
4 CONCLUSIONS 
The objective of this study was to characterize the effect of a storm on water quality and pollution 
loads in a small urban tidal river through classification of three phases: flood, transition and tide phase. 
The most important results are, as follows: 
1. Most of the discharge, organic pollutants, and suspended solids were observed during the flood 
phase. It enabled the comparison of different rainfall events by characterizing the distinction 
between the flood and transition phases. 
2. There were unique water quality fluctuation characteristics in the transition and tide phases. In the 
case of the former, there were no significant differences in water quality at different depths. In 
contrast, the water quality differed at different water depths during the tide phase. 
3. It was possible to examine DO fluctuations due to runoff and DO fluctuations due to the intrusion 
of hypoxic water from downstream as separate events between the transition and tide phases. 
It is naturally needed to verify the findings of this study with other rainfall events and different 
rivers. Our final objective of this research is to evaluate the water environment in small urban tidal 
rivers temporally and spatially by using the classification of water quality phases to analyse the 
characteristics of flood discharge, tidal flow and other aspects of individual rivers. 
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